The objective of this study was to analyse the reproductive performance of hybrid (Yorkshire x Landrace) gilts/ sows in relation to temperature-humidity index (THI) at artificial insemination (AI), season of AI, occurrence of estrus >8 d postweaning, repeated estrus, insemination technique (cervical, CAI or post-cervical, PCAI) and parity. Data included 8851 reproductive records (1771 for gilts and 7080 for sows) from a pig farm in a sub-tropical zone (THI ranged from 72.9 in January to 81.8 in June). A decrease in pregnancy rate (PR, 89.8 vs 93.0%; P<0.01) and a tendency to decline farrowing rate (FR, 87.9 vs 90.3%; P=0.07) following AI during high THI (>82), compared to AI at <74 THI were observed. The spring and summer season were associated with decreased (P<0.01) PR compared with fall and winter (90.0% vs 93.0%). Likewise, FR decreased in spring and summer compared to fall and winter (88.5% vs. 90.9%). FR was higher (P<0.01) in non-repeat breeders compared with that of repeat-breeders (90.3% vs 76.2%). Litter size increased (P<0.01) from 10.8 ± 3.2 to 11.1 ± 3.1 pigs when the interval from weaning to estrus was >8 d. The insemination technique did not affect PR and FR but the litter size decreased (P<0.05) from 11.3 ± 3.0 to 11.1 ± 2.9 pigs when PCAI was used compared to CAI. This study reaffirms the negative effects of the hot season on reproductive performance of gilts/sows, although thermal stress at AI did not cause foetal losses. Also, there is no advantage in using the PCAI as compared to the CAI in gilts/sows with high numbers of sperm cells per AI.
INTRODUCTION
Reproductive failure interferes with the steady production of pigs, which results in a suboptimal amount of pigs for the market (Holtkamp et al 2013) . An important cause of low fertility is high summer ambient temperature which can reduce farrowing rate (FR; 6 to 9% reduction in the proportion of sows conceiving and maintaining pregnancy in sows weaned in the hot season) (Gourdine et al 2006, Janse van Rensburg and Spencer 2014) and overall reproductive efficiency, both in temperate b , Bloemhof et al 2008 and tropical (Tummaruk et al 2004 , Suriyasomboon et al 2006 environments.
Additionally, summer heat stress is associated with up to 4 days increase in weaning-to-estrus intervals (Almond and Bilkei 2005, Bertoldo et al 2012) , alteration of the reproductive endocrine system, especially the control of luteal and follicular function (Bertoldo et al 2009 , Nteeba et al 2015 , 15% reduction in in vitro fertilised embryo developmental potential (Isom et al 2007) , a 45% increase in the incidence of irregular inter-estrus interval (Mazzoni et al 2014) , and a reduction of about one piglet per litter (Prunier et al 1997 , Zhao et al 2011 , Lopes et al 2014 . Moreover, piglets born to sows that experienced heat stress during pregnancy makes them more prone to an altered metabolism resulting in animals with less skeletal muscle (Johnson et al 2015) and weaning weights (Muns et al 2016) .
Despite chronic seasonal infertility and compromised sow reproductive performance during and immediately following the warm annual seasons, the biological reasons responsible for impaired fecundity are poorly understood. It has been difficult to determine a specific cause for this phenomenon because many different factors are involved, including photoperiod, heat stress, ambient humidity, phenotype, and management (Auvigne et al 2010) .
The use of artificial insemination (AI) in commercial swine operations has skyrocketed in the past decades. One important tool to optimise the use of boars in insemination programs is post-cervical artificial insemination (PCAI), which allows insemination with a reduced number of sperm cells . This technique has increased fertility from 66% to 87% at a lower semen dose compared with cervical artificial insemination (CAI) (Watson and Behan 2002) .
Some limited research has been carried out in climate zones ≤20°N on the relationship between farrowing rate and outdoor temperature, and it is not quite clear if photoperiod or summer heat stress has the prominent role in increased infertility during the hottest period of the year. Also, there is not much information on field fertility outcomes when using the PCAI with "refrigerated" semen in gilts and sows. The aim of this study was to investigate the effect of some factors affecting sow reproductive performance, including season, temperature-humidity index (THI), parity, repeat breeding, prolonged weaning-to-first-service interval and insemination technique in a subtropical zone at 20° N.
MATERIAL AND METHODS

ANIMALS AND SITE LOCATION
The study was performed on a single 5500-sow farm located in central west Mexico, from July 2015 to June 2016. The pig farm was located at 20° 24' 49'' latitude North 102° 0' 18'' longitude West, at an altitude of 1765 m. Mean annual temperature in the study site is 20.7°C with a maximum of 35°C and minimum of 7°C. The mean annual precipitation is 670 mm. THI ranged from 72.9 in January to 81.8 in June.
Reproductive records of 1771 gilts (females that have not reproduced; 128 to 142 kg) and 7080 sows (females that have reproduced; 210 to 248 kg) were used.
The sows included in the analyses were born and farrowed within the same herd. The average parity of sows in the study was 3.7 ± 2.3, with a range from parity 1 through parity 10 with an average lactation length of 19.2 ± 2.4 days. Records from parity numbers above seven were excluded from the statistical analysis.
Sows were commercial line hybrids (Yorkshire x Landrace). Gilts and sows were kept in an open-house system with a similar feeding and management. Gilts and non-lactating sows received 2.2 to 3.5 kg/d of feed with 14% crude protein and 3,200 to 3,500 kcal/kg metabolizable energy (ME; two feeding times; 07:00 and 13:00). Nursing sows received 5 to 6 kg/d of feed with 17% to 18% crude protein and 4,060 kcal/kg ME.
After weaning sows were fed twice daily (4.0 kg/d) with a standard corn-soybean diet (14% CP, 0.65% lysine and 3,217 kcal/kg ME). From insemination until 30 d of pregnancy, the sows were fed 2.4 kg/day. Between 31 to 90 d of gestation, they received 1.6 to 2.4 kg per day; from 90 to 109 d, they were offered 3.0 to 4.0 kg/day. From 110 d of gestation until farrowing, sows received 2.0 kg/day. These feeding guidelines were according to the NRC (2012).
SEMEN COLLECTION AND PROCESSING
Fresh semen was sourced from a single, 50-boar stud located in a commercial herd near the pig farm, with pure Yorkshire and Landrace boars. The sperm-rich fraction of ejaculates was collected twice a week, by the same operator, from boars aged between one and 3 years, by the gloved-hand method. The semen was directed through a pre-warmed (37°C) insulated semen collection cup (Minitube, Verona, WI, USA) with a filter to discard the gel fraction. Sperm motility evaluation was performed subjectively under a light microscope at 400 x magnification. Only ejaculates with ≥70% motility were used for AI. Sperm morphology was evaluated in stained smears and only ejaculates with a maximum of 20% morphological alterations were further processed. Semen was diluted in Beltsville thawing solution (BTS; Minitub®, Tiefenbach, Germany) and doses were prepared with 3 x 10 9 sperm cells in a total volume of 90 ml. The tubes containing semen were stored at 17°C until use for AI (24-48 h post-collection). The refrigerated semen was warmed in a water bath at 35°C for 15 min before being used.
ARTIFICIAL INSEMINATION
Gilts were inseminated at their second observed estrus, at an average of 235 ± 23 days of age. On the day of weaning, sows were separated from their litters and moved to a breeding facility. Estrus detection was performed twice daily at 09:00 and 16:00 h, starting the third day after weaning. Sows were in direct contact with a mature boar and the back-pressure test was applied (Hemsworth and Barnett, 1990) . Sows that "locked" to boar stimuli and remained quiet to the back-pressure test were inseminated using either the CAI or the PCAI method, in the absence of a boar in front of the sows.
For the PCAI, an intrauterine insemination device (Deep goldenpig TM catheter, IMV Technologies, L'Aigle, France) was inserted into the cervix. The inner tube extended 200 mm beyond the tip of the outer catheter lying in the uterine body. Then, extended fresh semen (3 x 10 9 motile sperm/ dose, 90 ml) at 12, 24, and 36 h after the onset of estrus was infused. For the PCAI a disposable foam tip catheter (Minitube of America, Verona, WI) was used.
MANAGEMENT, PREGNANCY DETECTION AND
REPRODUCTIVE DATA
The inseminated sows and gilts were exposed once daily to "teaser" boars from day 18 through 35 after estrus onset. Gestation was confirmed by trans-abdominal ultrasonography (BantamII, EI Medical Imaging, Loveland, CO, USA) at 28 d post-AI. Non pregnant animals and those returning to estrus twice on consecutive AI were culled from the herd. Gilts/sows were moved to the farrowing pen at 3-5 d before their expected farrowing. Pregnant animals were monitored until farrowing for abortions, and at farrowing, the number of live pigs per litter, the number of stillborn pigs per litter and the number of mummified pigs per litter were recorded.
METEOROLOGICAL DATA
The climatic data (maximum, minimum, average ambient temperatures and humidity) for the duration of the study were obtained from a meteorological station located 4 km away from the pig farm. The THI was calculated using the following formula (Thom, 1959) :
where AT is the maximum ambient temperature (registered with a mercury thermometer under full shade; ºC) and RH is the relative humidity.
STATISTICAL ANALYSES
Statistical analyses for binomial data were conducted with the GLIMMIX procedure of SAS (SAS Inst. Inc., Cary, NC, USA), with a binomial distribution and a logit link function. Gilts and sows constituted the experimental units with a model that included THI at AI, season of AI, the occurrence of a repeated estrus, extended weaning-tofirst estrus, insemination method (CAI or PCAI), parity (gilts and sows) and first-order interactions. The interaction AI x category was not tested because there were only two observations for gilts.
The THI was classified as being <74, 74-78, 78-82 and >82. Seasons were defined as follows: winter (January-March); spring (April-June); summer (July-September); autumn (October-December). The occurrence of estrus >8 d post-weaning was categorised as yes or no; the occurrence of repeated estrus was classed as yes or no. Treatment means were separated using the probability of a statistical difference (PDIFF option of SAS).
The number of piglets born alive per litter, the number of stillborn pigs per litter and the number of mummified pigs per litter were analysed using the MIXED procedure of SAS, with the means compared by the Tukey test (means/ Tukey option of SAS). A non-linear regression (PROC Nonlin procedure of SAS) was used to describe the association between THI at AI and PR and month of AI and FR. The CORR procedure of SAS was used to assess the correlation between total pigs born and number of mummies per litter and total pigs born and stillborn piglets. Statistical differences were considered at P<0.05 and tendencies at P=0.07.
RESULTS
Mean PR as a function of THI the day of AI is shown in table 1. For THI below 78-82 units the pregnancy rate of sows was greater (P<0.01) than sows experiencing severe heat stress at AI (THI >82). The highest PR was observed at THI <67 units (values predominant in winter months), then PR remained about the same between 72 and 84, but at a THI >84 a drastic drop in PR was observed (figure 1). FR was consistently higher in all three THI classes for AI at mild climatic conditions. Table 1 . Pregnancy rate, farrowing rates and abortion rate of gilts and sows serviced in different seasons and at different THI indexes, inseminated at different weaning-to-service intervals and with one or more services, and using the cervical or post-cervical insemination techniques.
Variables
Pregnancy Sows inseminated with a THI >82 units presented a FR two percentage points lower than sows inseminated during cooler weather conditions. There was a THI x category interaction (P<0.01) for PR (88.7 and 90.1 for gilts and sows, respectively for THI >82) and FR (85.8 and 88.4% for gilts and sows, respectively for THI >82), gilts being more negatively affected by THI than sows. The highest abortion rate (AR) was observed with the lowest THI at AI (table 1) .
Both PR and FR were higher (P<0.01) in sows and gilts inseminated in the spring and winter months as compared with AI in summer months (figure 2). There was a season of AI x category interaction (P<0.01), sows being more negatively affected by season than gilts for PR (92.5 and 88.7% for gilts and sows in summer) and FR (92.5 and 88.7%, for gilts and sows in summer, respectively). AR was similar for sows inseminated in spring summer and winter, with the highest (P<0.01) AR in the fall. AI in sows whose estrus occurred >8 d post-weaning did not affect PR, FR or AR. Sows and gilts that were AI more than once presented lower (P<0.01) PR and FR than animals pregnant at the first insemination. Neither insemination technique (CAI vs PCAI) nor parity affected (P>0.05) PR, FR or AR (table 1) .
Out of 8110 gilts and sows that got pregnant in the study, 239 (3%) required more than one AI to get pregnant. There was a significant influence of climate on the occurrence of repeat breeding sows. In animals inseminated during severe climatic conditions (THI >82) the occurrence of repeat breeding increased 2.2 percentage points (P<0.01) compared with animals inseminated with mild temperatures (THI <74; table 2). The highest percentage of repeat breedings occurred in summer (P<0.01) and the lowest in winter. Repeated AIs were 4 times higher in sows than in gilts. Likewise, the percentage of repeat breeding was much higher (P<0.01) in animals inseminated using the PCAI than the CAI.
The percentage of animals presenting a weaning-tofirst-service interval greater than 8 d was highest (P<0.01) in animals inseminated with a THI >82 and lowest in animals inseminated with a THI between 74 and 78 units. Percentage of gilts/sows with prolonged weaning-to-firstservice interval was highest in winter and lowest in summer (P<0.01).
There was no difference in litter size between gilts/ sows inseminated during mild or warm weather (table 3) . The lowest (P<0.01) number of dead pigs per litter was observed in animals inseminated with THI <74 units, compared to animals inseminated with THI 74-78.
However, dead pigs and mummified fetuses per litter did not differ between animals inseminated during cool or hot climate. Breeding gilts/sows in summer resulted in lower (P<0.01) litter size compared with animals inseminated in other seasons. The number of dead piglets at birth was higher (P<0.01) when animals were inseminated in winter compared to other seasons. Mummies were more numerous (P<0.01) at birth in summer and winter than other seasons. There was a season of AI x category interaction for the occurrence of mummified pigs at birth (1.2 and 0.8% for gilts and sows in summer, respectively; P<0.05). y=97.9-4.7x+1.2x 2 -0.09x 3 r 2 =0.96 Litter size at birth was higher (P<0.01) in sows whose first estrus was over 8 d post-weaning. The occurrence of estrus >8 d post-weaning produced negligible differences in dead pigs at birth and number of mummified piglets compared with sows whose first heat after weaning was <8 d. The average number of piglets born alive per litter was greater in gilts/sows inseminated with the CI method as compared with the PCAI. Litters resulting from repeat breeding were similar than that of litters resulting from non-repeat breeding. Litters from gilts were larger (P<0.001) than litters from sows (about 0.2 piglets per litter; table 3).
DISCUSSION
The average farrowing rate across all months in this study was 89.8% which is above the 85% value considered as an appropriate target under commercial conditions in temperate climates (Gadea et al 2004 , Young et al 2010 . High ambient temperatures in the present study decreased both PR and FR. This is in line with others reports where high ambient temperature, leading to heat stress, have caused 5 to 10 percentage point reduction in FR in temperate areas, such as countries in northern Europe and the USA (Tummaruk et al 2004 a , Bloemhof et al 2008 , Iida and Koketsu 2016 in crossbred sows. Wider differences have been observed in tropical climate with Large White sows where FR have decreased 13 to 23 percentage points (Egbunike and Steinbac 1980, Gourdine et al 2006) with matings in summer months as compared to winter months.
The reduction of PR by heat stress appears to be dependent on the severity and duration of the heat stress regimen. Under climatic chamber conditions, for example, temperatures up to 30°C did not affect FR (Williams et al 2013) , but in northern Europe, matings between July and October results in about 8 percentage points FR reduction than matings in winter months (Peltoniemi et al 1999 . The reduction of reproductive performance of gilts/sows under high ambient temperature is due, among other things, to the hampering of the successful implantation and impairment of embryo development. Wettemann et al (1988) , for instance, observed fragmenting conceptuses in heat-stressed gilts, whereas all conceptuses from the control gilts were normal. Likewise, the wet weight of conceptuses of the heat-stressed gilts averaged 233 mg compared to 366 mg for conceptus from control gilts. Isom et al (2007) also observed 45.6% apoptotic response in IVF embryos subjected to heat stress compared to 26.7% in non-stressed embryos. It has been documented that LH secretion is subject to stress effects, mediated by cortisol (Love et al 1993) and this is critical for the successful establishment and maintenance of pregnancy. However, this negative effect of heat stress on embryo survival appears to be dependent on the duration and severity of heat stress prevailing in early gestation. Temperatures up to 34°C from d 3 to d 30 or d 24 after mating, have not reduced embryo survival (Liao and Veum 1994) . But Tompkins et al (1967) observed that exposure of sows to 35°C for 24 h on day 1 of gestation resulted in 13.2% fewer viable embryos per 100 corpora lutea than non-stressed sows, which indicates that the beginning of pregnancy is a sensitive stage to thermal stress.
The insemination technique did not affect PR and FR. It has been reported that farrowing rate with intra-uterine AI decreased drastically compared to cervical AI (75% vs 94%; with 0.5 x 10 9 spermatozoa per dose) in primiparous F 1 (same genotype) sows (Serret et al 2005) . However, Sbardella et al (2014) did not find any differences in the farrowing rate (91.5% vs. 89.1%) for PCAI (1.5 × 10 9 sperm cells in 45 ml; 2.4 doses per sow) and CAI (3 × 10 9 sperm cells in 90 ml; 2.5 doses per sow) for Landrace x Large white primiparous sows, although this trial was carried out under controlled conditions, and results may change under commercial conditions. Thus, PCAI seems to be beneficial only when a reduced number of sperm cells are used (sex-sorted semen) or reduced the lifespan of sperm cells (frozen-thawed semen). From the practical standpoint, however, PCAI is more advantageous because time and labor are reduced because no boar is required during PCAI and normally CAI takes much longer than PCAI.
High THI index the day of AI resulted in greater percentage of gilts/sows with repeat breeding and weaning-to-service interval >8 d, which is in line with other researchers who have observed 2 to 4 d longer weaning-to-service intervals and higher proportions of returns to service at high ambient temperatures (7.8 vs 3.1% for sows experiencing temperatures >35°C or <30°C) in hybrid sows (Almond and Bilkei 2005, Iida and Koketsu 2013) . Kornegay and Thomas (1983) observed that gilts and sows (undescribed breed) maintained in cooled buildings after weaning returned to estrus five days sooner than those housed in naturally ventilated buildings. Ambient temperature and photoperiod influence weaning-to-service intervals through direct effects on the hypothalamus-hypophyseal-ovarian axis (Hurtgen and Leman 1980, Britt et al 1983) . Feed intake reduction might play a role in the delayed return-to-estrus after weaning under high ambient temperature (Muns et al 2016) .
The use of CAI method reduced the incidence of returns to estrus post-breeding compared with PCAI. PCAI likely increases the percentage of repeat breeding because there are many more management steps with this technique that increase the likelihood of errors occurring when compared with CAI. In the present study, THI during the day of AI did not affect litter size. This lack of effect is not clear because the number of live pigs per litter was reduced in summer. This is consistent with various reports in European countries where summer temperatures have decreased litter size in F 1 or F 2 genetic lines of Landrace x Large White sows (Peters and Pitt 2003, Almond and Bilkei 2005) . Also in tropical climates, Suriyasomboon et al (2006) and Tummaruk et al (2004) observed that high temperature and humidity at previous weaning/mating or at farrowing had negative effects on litter size in purebred Swedish Landrace and Swedish Yorkshire as well as in Landrace x Yorkshire sows. High ambient temperatures in summer possibly affected ovulation rate, uterine capacity, and embryonic and foetal survival, all components of the litter size trait (Wu et al 2006 , Distl 2007 ).
In the present study it was found that litter size increased by about 0.3 pigs when weaning to service interval was greater than 8 d as compared with intervals <8 d. This is contrary to results obtained in a number of previous studies (Dewey et al 1995 , Le Cozler et al 1997 where a negative effect of weaning-to-service interval on subsequent reproductive performance, including litter size, has been reported. This discrepancy could be due to different lactation length among studies. In the present study gilts/sows were weaned at 21 d after farrowing and uterine involution may not be complete in sows weaned at this time. Thus, sows weaned at 21 d or less are more likely to have a reduction in litter size at the subsequent farrowing (Koketsu and Dial 1998) . In fact, each day increase in the farrowing to conception interval (less than 36 d) leads to an increase in number of live pigs per litter up to 0.09 pigs (Clark and Leman 1987) .
The mean number of stillborn pigs per litter in the present study was below the 3-8% of all pigs born in highly prolific sows (commercial lines derived from Large White x Landrance) (Borges et al 2005 , Vanderhaeghe et al 2010 . The highest number of stillborn pigs per litter occurred in spring and winter, which indicates that thermal stress was not associated with this reproductive problem. Stillbirths in pigs is a multifactorial problem where litter size, parity, sow's body condition and farrowing supervision/ birth assistance seems to be the most relevant risk factors associated with stillborn piglets (Vanderhaeghe et al 2013) .
In the present study, the correlation coefficient between total pigs born and stillborn piglets was r=0.35, therefore, litter size was mildly related to this reproductive problem.
The average number of mummies per litter in the present study was well above the <0.2% considered normal for commercial pig farms (Christianson 1992) . Probably the number of mummies found in the present study reflected clinical signs associated with an infectious agent. The highest percentage of mummies were observed in both summer and winter. Thus, it seems that other factors aside climate were responsible for the occurrence of mummies. The significant correlation between total pigs born and mummies observed in this study (r=0.37) suggests that overcrowding of the uterus with a fixed capacity, space per foetus was reduced, leading to the death and subsequent mummification of some foetuses due to insufficient area for foetal development.
It can be concluded that in this zone of low-temperature fluctuations throughout the year, several components of the reproductive function are susceptible to summer heat stress in commercial crossbred gilts and sows. These include PR, FR, repeat breeding and number of live pigs per litter. The occurrence of dead and mummified pigs at birth was affected by factors other than climate variation. Additionally, PCAI with 3 x 10 9 sperm cells does not improve the reproductive performance of gilts/sows when using CAI, although 0.2 piglets born alive per litter is expected in gilts/sows inseminated with the CAI method as compared with the PCAI. Thus, in this particular zone sows and gilts need to be cooled as efficiently as possible during the summer in order to increase fertility.
